The measurement of stress on machined surfaces using the X-ray diffraction method is discussed. The influence of surface profile on the diffracted peak position is evaluated and considered with respect to its effect on the accuracy of stress measurement.
Introduction
It is well established that machine finishing of metal components can introduce significant residual stresses into the surface layers of a component and that such stresses are important in controlling the initiation of many fracture processes, particularly fatigue, stress corrosion cracking and hydrogen embrittlement (Denton, 1966; Doig & Flewitt, 1979; E1-Helieby & Rowe, 1980; Esquivel & Evans, 1968; Frisch & Thomsen, 1951; Fuchs, 1962; Letner, 1955; Rosenthal, 1962; Tekht & Kupershtock, 1966) . These stresses result from a combination of inhomogeneous plastic shear and local thermal transients which may also further introduce inhomogeneous strains from associated phase transformations in the near-surface layers.
The stress pattern depends on both the material properties and machining parameters. The complexity of these processes precludes accurate prediction of the magnitude, distribution or sense of the resulting residual stresses. Thus, their evaluation requires experimental measurement. At present, the principal technique for such measurement is the X-ray diffraction method with a depth resolution of a few micrometres, which is comparable with the depth over which machining-induced residual stress distributions are significant (Denton, 1966; Doig & Flewitt, 1979; Dolle & Cohen, 1980; Letner, 1955) .
The basis of the X-ray method of stress measurement is well established and depends on the determination of interplanar spacings of a given set of crystal planes which are oriented at various angles to the sample surface (Cullity, 1956; Society of Automotive Engineers Inc., 1971; Denton, 1966) . The angular variation of interplanar spacing and thus Bragg diffraction angle, 0, provides a measure of lattice strain distribution which 0021-8898/81/05(1321-115S01.00 may be converted to stress, o., using isotropic elasticity theory. Thus, 2o"
where 2AO is the angular shift (in radians) of the diffracted peak (20o-20~) recorded from a given set of {hkl} planes which are parallel to the sample surface (20o) and at an angle i~ to the specimen surface (20~). The ultimate accuracy of stress measurement is limited by the precision of diffracted peak location (and hence 2AO). Typically, 0 is required to better than 0.01 ° This analysis for evaluating stress applies only to 'ideal', smooth, flat samples where the stress distribution does not change significantly with depth below the surface (Doig & Flewitt, 1977; Dolle & Cohen, 1980) . Although this geometrical condition for surface finish may be approximated in many components on which stresses are to be measured, in the case of final surface finishing by many machining processes such as turning, milling and shot-peening, a pronounced periodic surface profile is developed. For irregular surfaces, differential absorption and surface orientation effects can broaden and shift the diffracted beam thereby introducing an error into the measurement of 0 (Doig & Flewitt, 1978a, b; Doig, Lonsdale & Flewitt, 1981; Koistinen & Marburger, 1959) . This error may vary with specimen orientation (i.e. 0, the angle between the specimen normal and the bisector of the incident and diffracted X-ray beam) resulting in an error in the evaluated stress. The magnitude of this is related to the precise distribution of stress across the irregular surface. In many conventionally machined surfaces, surface profiles are approximately symmetrical and regular and are characterized by a mean measure of 'roughness'. These surface irregularities have dimensions which are comparable to the penetration depths of characteristic X-ray wavelengths employed in diffractometry.
More recently, it has been shown that the early assumption of little normal stress operating in the nearsurface layers sampled by the X-ray beam may not apply in heavily deformed surfaces typical of those developed during machining (Dolle & Cohen, 1980) . Under these circumstances (1) is not sufficient and its use will result in errors. In the present work, however, ~ 1981 International Union of Crystallography we shall assume a uniaxial stress system with no component normal to the sample surface such that (1) will apply.
The purpose of this note is to examine theoretically the influence of surface profiles, characteristic of those developed during machine finishing, on the stress measured with the X-ray diffraction method of stress measurement. For this we consider a model surface finish typical of that developed by a turning process and evaluate the influence of surface profile on the measurement of stress both in the direction of machining, i.e. along the machining grooves, and normal to it.
The influence of surface profile on diffraction angle
It has been shown previously (Doig & Flewitt, 1977 , 1978a ) that for surfaces containing residual stresses, the diffraction angle is affected by the mean displacement of the surface from the diffractometer centre and any component of surface curvature in the direction of stress measurement. In the present work, however, we consider surface profiles which are on such a fine scale (<0.01 mm peak to peak) that the influence of peak shift due to displacement of the surface from the diffractometer centre is of only secondary importance (Doig, Lonsdale & Flewitt, 1981) . Thus we shall include those effects arising from surface curvature only. = 3 #m (see § 3) using a Ferranti Surfcom surface profile measuring system, Fig. l(b) . In the X-ray diffraction method, stress is measured in a direction defined by the projection of the incident and diffracted X-ray beams onto the sample surface. Thus, for measurement of stress acting in a direction parallel to the direction of the machining grooves, O,x,a~, there is no component of surface curvature in the direction of stress measurement. Thus the diffraction angle and the measured stress are not modified by the surface profile. However, for stress measurement in a direction normal to the machining grooves, a, ..... there exists a varying component of surface curvature which can contribute to the position of the diffraction angle and therefore evaluation of stress.
In Fig. 2(a) we define the model surface profile normal to the machining direction by the periodic function: y= a sin (2nx/b).
(2)
Here diffraction occurs from those atomic planes with normals in the plane of the bisector of the angle between the incident and diffracted X-ray beams. Consequently, for a non-planar surface, the diffracting planes are inclined at an angle to the surface which varies across the surface in the direction of stress measurement. We shall assume a uniform stress, or, within the machined surface layers which is parallel to the surface profile at all points. Such a stress will change the Bragg angle of the diffracting planes at any point on the surlace by an amount, 6x=AO, given by (1). For the geometry shown in Fig. 1 , the effective value of~9 at each position, x, is given by
where P is the angle between the overall sample surface normal and the bisector of the incident and diffracted Xray beam. Thus P is equivalent to the macroscopic mean value ~. The incident intensity of X-rays on each element of sample surface 8s is given from geometry: where Io is the X-ray intensity in the direction of the incident X-ray beam. The recorded X-ray intensity is modified by the absorption of the incident X-ray beam within the sample before emerging at the surface. A typical machined surface profile is characterized by linear dimensions of the same order of magnitude as the absorption length of the characteristic X-ray wavelength. Thus it is necessary to consider the influence of surface geometry on absorption. Fig. 2(b) shows schematically the X-ray path within a given feature of the sample surface. The incident beam penetrates the surface at position O and is diffracted through an angle 20 at some depth OA. The diffracted beam travels along AB such that the total path length, l, is OA + AB. The diffracted intensity I*, from an element ~s, at position x, is given by
o where p is the linear adsorption coefficient for the characteristic X-radiation. The path length OAB may be evaluated for each value OA such that the integral in (5) may be obtained numerically for each element, 6s, at position x. The diffracted intensity from each element 6s produces a diffraction intensity I£ ~ which is displaced from the true value of 0 by an amount 6x given by (1). The total shift in the diffraction peak position, AO, recorded from the whole surface at any given value of P (surface tilt with respect to the incident/diffracted beam bisector) is given by the sum of peak shifts over the irradiated region divided by the total diffracted intensity: diffraction planes used in the measurement of stresses in ferritic and austenitic steels, respectively, with Cr K incident X-radiation (/a=0.089/am-1) (Cullity, 1956) . Taking P to be equivalent to the macroscopic value of in (1), and employing a least-squares fit of AO to sin 2 P for five equally spaced values of P in the range 0 to (0-30)=, the stress has been evaluated from the slope AO/sin 2 P for a range ofvalues fora and b in (2) and fixed value of a = 100 MPa. The results are shown in Fig. 3 with standard deviation error bars calculated from the linear regression analysis.
Results and discussion
The importance of surface profile (geometry) introduced by the final stage of machining when evaluating stresses with the X-ray diffractometer technique is clearly shown from the calculated results in Fig. 3 . The stress in the direction normal to the machining grooves evaluated from (1) is in error by an amount which increases with the surface profile roughness, a/b. Figs. 3(a) and (b) are evaluated for a fixed value b = 100/ira and 0=64 and 78 = respectively. Here, the error in measured stress exceeds that suggested by the regression analysis for a/b~_O.02. In addition, the linearity (measured by the correlation coefficient) of the 2A0 versus sin2p relationship decreases with increasing roughness.
Results have been evaluated for values of b in the range 50 to 200/am and a/b up to 0.2. In general, the form of the curves shown in Figs. 3(a) and (b) is retained with slight shifts to greater error with smaller values of b and 0 at any given value a/b. This is shown schematically in Fig. 3(c) . The shifts, however, are within the statistical accuracy of the linear regression. Generally, stress measurement using the X-ray diffraction method is accurate to ~+10 MPa (Doig, Lonsdale & Flewitt, 1981) . Thus, for a given Xradiation, the ratio a/b is the most significant parameter in determining the stress error and absolute values of b and 0 are of only secondary importance.
Surface finish may be measured and is more usually expressed by a parameter Ra (or centre line average, CLA) which is defined as (Chapman, 1960) R,= Z '
where lY[ is the deviation from the mean value ofy over a length of surface, L. For the present model surface geometry (2) gives 2 I b/2 2~x a sin dx = 2a/rc
This definition of surface finish is dependent only on the parameter a and therefore does not allow an independent means of defining the range of surface roughness over which X-ray measurement of stress is viable. Typically R,, takes values ranging from 0-1 /am for a polished or honed surface up to 10/am for turned finishes. In the latter case, a may be up to ---15/am and in practice b is --, 50 to 200/am such that ratios of a/b ~-O. 1 are often achieved. Under these conditions, the present results show that any uniform stress in such a surface may be completely obscured by the geometry of the surface profile. Indeed, Ra values > 1/am will be subject to significant errors in stress measurement.
To determine the effects ofsurface finish on diffracted peak position one requires a precise knowledge of the profile including both the shape and absolute magnitude. Here, we have considered a simple model geometry typical of the surface finish developed during machine turning. Clearly, such profiles will vary greatly with the particular machining process and their influence on measured stress will differ. Similarly, the present assumption of a uniform stress field occurring across the machined surface is unrealistic. Stresses would be expected to vary with both depth and position across the surface in a complex manner. Without prior knowledge of this distribution together with the surface profile, the effect of these interactions on apparent measured stress cannot be evaluated. The analysis presented here, however, does show that surface profiles typical of those developed during machine finishing can introduce very large errors in the X-ray diffraction method of stress measurement in directions other than parallel to the machining grooves. Indeed, fine machine finishes with R,---1/am can result in errors greater than that limited by the statistical evaluation of the measured data.
Experimental confirmation of the present theoretical analysis is not possible. The uncertainty in the real stress distribution within machined surfaces precludes any direct experimental verification. However, extrapolation of the present theoretical analysis to a flat sample with a=0 in (2) yields predicted stresses equal to the applied stress with a statistical error of less than 0-001%. This result provides confidence in the accuracy and consistency of the overall analysis.
Conclusions
The main conclusions which may be derived from the results of this analysis are that the results of the X-ray diffraction method of stress measurement on machined surfaces parallel to machining grooves are unaffected by the surface profile whereas those obtained in a direction across the machining direction are subject to a very large systematic error. This error is significant for surface roughness with Ra>l /am. Similar error will occur for any surface which contains some component of roughness in the direction of the stress measurement, e.g. shot-peened finishes. This paper is published by permission of the Director General, Central Electricity Generating Board, South Eastern Region.
